Patient-ventilator asynchrony (PVA) is common in patients receiving noninvasive ventilation (NIV). This occurs primarily when the triggering and cycling-off of ventilatory assistance are not synchronized with the patient's inspiratory efforts and could result in increased work of breathing and niv failure. In general, five types of asynchrony can occur during NIV: ineffective inspiratory efforts, double-triggering, auto-triggering, short-ventilatory cycling, and long-ventilatory cycling. Many factors that affect PVA are mostly related to the degree of air leakage, level of pressure support, and the type and properties of the interface used. Careful monitoring and adjustment of these factors are essential to reduce PVA and improve patient comfort. In this article, we discuss the machine and interface-related factors that influence PVA during NIV and its effect on the respiratory mechanics during pressure support ventilation, which is the ventilatory mode used most commonly during NIV. For that, we critically evaluated studies that assessed ventilator-and interface-related factors that influence PVA during NIV and proposed therapeutic solutions.
P atient-ventilator asynchrony (PVA) describes a state of uncoordinated interactions between the patient and the ventilator. It occurs secondary to the mismatch between the patient's respiratory effort and the delivered ventilator support. This can lead to ineffective ventilation, increase work of breathing, and aggravate patient discomfort. Delays between the delivered ventilator breath and the patient's breathing effort can occur either at the beginning of the inspiratory cycle (triggering phase) or at the end of the inspiratory effort (cycling phase), resulting in PVA. [1] PVA is frequently encountered during noninvasive ventilation (NIV). When measured with a global asynchrony index, PVA was observed in 24%-43% of patients with acute respiratory failure (ARF). [2] In a prospective multicenter observational study, Vignaux et al. observed severe asynchrony, (asynchrony index >10%) in 43% of patients receiving NIV for ARF. [3] The most important predictive factors for severe asynchrony were the level of pressure support and the magnitude of leaks. [3] The asynchrony index was calculated as the number of asynchrony events divided by the total respiratory rate, computed as the sum of the number of ventilator cycles (triggered or not) and wasted efforts: Asynchrony index (%) = number of asynchrony events/total respiratory rate × 100%. [3] Asynchrony events were determined by clinical observation as well as by recordings from surface diaphragmatic electromyography. [3] During NIV, triggering and cycling-off of ventilatory assistance should ideally be synchronized with the patient's inspiratory efforts. [4] However, during positive airway pressure ventilation, there could be an inspiratory delay between the beginning of inspiratory effort and the start of positive inspiratory pressure. [4] [5] [6] Long inspiratory delays significantly increase the patient's work of breathing, since they delay the delivery of positive inspiratory pressure, and therefore, reduce the amount of assistance delivered to the patient during the early stages of the breathing effort. [7] In general, five types of asynchrony can occur during NIV: ineffective inspiratory efforts, double-triggering, auto-triggering, short-ventilatory cycling, and long-ventilatory cycling. Ineffective inspiratory breathing occurs when the patient's inspiratory effort does not result in delivery of any breath. In double-triggering, two consecutive breaths occur with an interval of less than half of the mean inspiratory time. In auto-triggering, the machine delivers breaths in the absence of patient's effort, as inferred by the absence of a decrease in airway pressure prior to the machine-delivered breath. [8] Cycling asynchrony, whether short (premature) cycling or long (late) cycling, occurs when there is a mismatch between the inspiratory time that the patient demands, which is termed "neural inspiratory time," and the inspiratory time provided by the ventilator. In premature cycling, the ventilator inappropriately cycles into expiration early, while the patient still in inspiration; the inspiratory time is <50% of the mean inspiratory time. On the other hand, "in delayed expiratory cycling," the patient is ready to exhale, but the ventilator inappropriately continues to deliver an inspiratory breath and the inspiratory time exceeds twice the mean inspiratory time. [9, 10] In this article, we discuss the machine-and interface-related factors that influence PVA during NIV and its effect on the respiratory mechanics during pressure support ventilation, which is the ventilatory mode used most commonly during NIV. Pressure support ventilation is a patient-triggered and flow-cycled mode of ventilation. It allows patients to control the start of each breath. The maximum inspiratory pressure is set by the operator to deliver fixed pressure to the airways during inspiration. Airflow starts high to approach the targeted pressure rapidly, then gradually decreases as the airway pressure inside the alveoli builds up. Once a predefined percentage of the maximum inspiratory flow is reached (usually 25%), the expiratory valve opens and the inspiratory cycle is terminated. Several parameters can be adjusted with pressure support ventilation including the trigger-on threshold, the inspiratory rise time, the pressure level, and in some ventilators, the cycling-off airflow threshold. Figure 1 illustrates the pressure and flow waves of pressure support. Figure 2 illustrates pressure and flow waves of some of the common types of PVA during pressure support during.
Search Methods
A literature search was performed on April 1, 2018 with keyword searches for "NIV," "air leak," "asynchrony," and "dyssynchrony" using PubMed (20 results), Google Scholar (47 results), and Medline (61 results). The reference lists of the identified articles were also searched for any additional sources. Publications were then filtered on the basis of whether or not they discussed the factors associated with PVA during NIV.
Patient-Related Factors that Influence Patient-Ventilator Asynchrony
The patient's physiological condition can influence patient-ventilator interaction. Patients with a low respiratory drive, weak inspiratory muscles, or dynamic hyperinflation causing intrinsic positive end-expiratory pressure can have ineffective breathing. Patients with restrictive lung disease have a short respiratory cycle and increased inspiratory time, resulting in premature cycling. On the other hand, patients with obstructive lung disease have a short inspiratory time and delayed cycling. [3] Machine-and Interface-Related Factors Table 1 shows the common factors affecting PVA. Table 2 presents the proposed solutions for some of the causes of PVA. The delivered tidal volume is calculated by the area under the flow curve wave. The inspiratory airflow continuously decreases because, as air moves inside the lungs, the pressure in the alveoli builds up resulting in a reduced pressure difference between the machine and the alveoli (ΔP), and hence a decelerating flow wave. Cycling-off starts when airflow reaches a preset threshold, which is a preset percentage of maximal air flow (usually 25%). At this point, the ventilator stops to deliver inspiratory flow, the expiratory valve opens to allow passive exhalation, and pressure goes down to the set positive end-expiratory pressure. Increasing the cycling-off preset percentage of maximal airflow results in decreasing the inspiratory cycle. The illustration demonstrates two cycles; one of them has cycling-off preset percentage of maximal airflow of 25%, and the other is 50%. The inspiratory time is shorter with 50%, and hence the delivered tidal volume
The effect of air leaks on patient-ventilator asynchrony
To meet the patient's demand and reduce the work of breathing and discomfort, the ventilator must have an efficient triggering and pressurization capacity. The sensitivity of the inspiratory trigger is a key element that depends on the sensing technology and the sealing level of the inspiratory circuit. The presence of leaks may principally affect the trigger and cycle-off phases. [11] Most ventilators use algorithms to compensate for air leak. During pressure support, significant leaks result in increases in the inspiratory flow in order to increase airway pressure to attain the set airway pressure. [7, 12] The large increase in inspiratory flow during leak compensation may result in significant side effects, including impairing mask seal and hence causing more leak or causing gastric distension. [13] Significant leaks may result in a pressure drop or produce flows that are interpreted by the ventilator as a patient inspiratory effort, thus causing auto-triggering. This can only be resolved by reducing triggering sensitivity, which in turn creates late cycling or failed triggering, as reported in 12%-23% of patients on NIV. [7] The presence of an inspiratory leak works as sustained inspiration and therefore will delay the cycle. [11, 14] The manner in which leaks can affect patient-ventilator interaction is influenced not only by the amount of leakage, but also by the ventilator's leak compensation features. [3] In a bench study, Carteaux et al. reported that dedicated NIV ventilators used in critically ill patients were associated with a lower incidence of PVA than intensive care unit (ICU) and transport ventilators, even when the NIV algorithm was used to minimize the asynchrony. [15] Large air leaks can lead to loss of extrinsic positive end-expiratory pressure (ePEEP) and pressure support, and an increase in ventilator auto-triggering, rebreathing of exhaled gas, and therefore, increased PVA. This may result in a decrease in FiO 2 and oxygen saturation and NIV failure. [13, 16] Ueno et al., studied the difference between the set and actual pressure support (∆PS), and between the set and actual PEEP level (∆PEEP) during NIV at different leak levels. [17] The investigators found that the differences (∆PS and ∆ PEEP) were less in dedicated NIV ventilators than ICU ventilators at medium leak levels. [17] However, with large air leaks, the set pressure support could not be adequately maintained in all ventilators. Readjustment of triggering sensitivity and cycling criteria was necessary to avoid auto-triggering with the ICU ventilators, but not with dedicated NIV ventilators. [17, 18] In addition, with NIV ventilators, the trigger pressure time product (PTP), which is the area under the pressure-time curve between the onset of inspiratory effort and the return to PEEP, increased significantly at higher leak levels. [5, 17, 19, 20] PEEP settings and airway resistance levels did not affect trigger PTP. The trigger PTP reflects both the sensitivity of the ventilator in detecting inspiratory effort and the ventilator's ability to deliver high flow at the onset of inspiration. [13, 17] Inspiratory PTP, on the other hand, decreased in all ventilators with each successive leak level. [13] This reduction in inspiratory PTP is related to impaired pressurization rate, and the reduced ventilator capacity to maintain the set pressure during inspiration. [5, 17, 19, 20] This, in turn, can result in an increase in patient inspiratory effort. [5, 17, 19, 20] In general, ICU ventilators and NIV dedicated ventilators show important differences with regard to leak compensation. [21] In a bench study of eight ICU ventilators featuring a NIV mode, Vignaux et al. found that in most of the tested ventilators, leaks led to an increase in the trigger delay and a decrease in the ability to reach the pressure target and delayed cycling. [3] On the other hand, NIV dedicated ventilators allowed better synchronization than ICU ventilators in the presence of leaks [14, 22] and were triggered properly at all levels of air leakage. The inspiratory triggering of NIV dedicated ventilators was more effective than that with the ICU ventilators. [22, 23] This favors its use over invasive ICU ventilators. [16] In addition, different masks have various leak levels. Therefore, trigger sensitivity, pressure level, and rebreathing must be checked when switching to a mask that has a different leak. [11, 24, 25] Nevertheless, the above findings are not universal. Oto et al. tested the ability of seven ICU ventilators and one NIV dedicated ventilator to prevent triggering and cycling asynchrony secondary to different leak levels. [21] In contrast to the previous studies, their study showed that one of the ICU ventilators outperformed the NIV dedicated ventilator and was the fastest to stabilize and synchronize ventilation with different levels of leakage. [21] This highlights the need for further improvement in the technical aspects of ventilators to help the treating team manage ventilator leaks.
Intentional leaks (mask or circuit leaks to remove CO 2 from the interface), even when applied according to manufacturer's instructions, could affect patient-ventilator synchrony. In a bench study, Louis et al. examined the performance of four ventilators with their recommended masks and with masks showing the largest and smallest leak levels while maintaining the same setting. [26] The results showed that the mask with the largest leak was associated with auto-triggering and/or decreased inspiratory trigger sensitivity with the majority of ventilators. On the other hand, the mask with the smallest intentional leak was associated with increased rebreathing. Hence, trigger sensitivity, pressurization level, and rebreathing must be checked when switching to a mask that has a different leak.
Pressure support and patient-ventilator asynchrony
In addition to air leaks, which are a major factor affecting PVA, the pressure support level and delivered tidal volume are also important. [27] For example, high-pressure support delays the expiratory cycle and the ventilator breath will continue into the neural expiration. On the other hand, low-pressure support can lead to early expiration while the respiratory muscles are still contracting. This leads to delayed triggering and wasted effort. [3, 11, 28] Restrictive lung disease: Due to rapid shallow breathing, it may lead to premature cycling Obstructive lung disease: Due to prolonged expiration (expiratory cycle), the inspiratory cycle shortens, resulting in a mismatch between the inspiratory time that the patient demands and this may lead to a delay in cycling Air leak Expiratory leak: Leads to auto-triggering Inspiratory leak: Leads to delays in cycling and reduced inspiratory sensitivity. During pressure support, significant leaks result in increases in the inspiratory flow in order to increase airway pressure to attain the set airway pressure. The large increase in inspiratory flow during leak compensation may result in significant side effects, including impaired mask seal and hence causing more leak, or gastric distension Leak leads to loss of PEEP and pressure support, and rebreathing Level of pressure support High-pressure support delays expiratory cycle and the ventilator breath will continue into the neural expiration Low-pressure support leads to early expiration and delayed triggering while the respiratory muscles are still contracting. This, in turn, leads to delayed triggering and wasted effort Interface type Can affect air leaks and mechanical dead space and CO 2 accumulation and PVA Helmet can cause longer trigger delay and a shorter time of synchrony between mechanical support and patient inspiration compared with nasal and oronasal masks Humidity
Low humidity can increase NAWR and mouth leak, which can lead to unsuccessful acclimatization to NIV in the chronic setting, and to the failure of NIV to improve gas exchange and dyspnea in the acute setting
Recently, neurally adjusted ventilator assist (NAVA), which uses the diaphragm electrical activity to trigger and drive ventilator assistance, have been shown to improve patient-ventilator interaction and synchrony during NIV, with no difference in gas exchange, respiratory rate, and neural drive and timing. [4, 29] This is probably due to the fewer trigger and cycling delays, while the patient is allowed to breathe spontaneously. [4] A specific setting to generate neurally controlled pressure support (PSV N ) was recently proposed for delivering NIV by helmet. [30] When PSV N was compared with the standard pneumatically triggered and cycled-off pressure support (PSV P ) and NAVA during NIV using a facial mask in 14 patients postextubation, PSV N resulted in significantly improved comfort and patient-ventilator interaction during NIV by a facial mask compared to PSV P and NAVA. PSV N also improved synchrony, as opposed to PSV P only. [31] Compared to PSV P and NAVA, PSV N reduced the peak inspiratory flow time (P < 0.001). [31] Olivieri et al. reviewed bench studies that assessed the performance of ventilators and interfaces during NIV. [32] They highlighted some specific technical aspects that may limit the application of the results of bench studies to clinical practice. [11, 32] For example, there is a lack of standard references for simulated demand and effort, mode of generation and extent of air leaks, resistance and compliance of the virtual respiratory system, and ventilator settings in the different lung models used in the studies. The extent of air leaks varied widely among studies, ranging between 6 L/min and 120 L/min. [11, 32] Therefore, more practice-related clinical studies are needed.
Effects of interfaces on patient-ventilator synchrony
Interfaces used for ventilation could affect patient-ventilator interaction as they influence the degree It is defined as the occurrence of at least three consecutive pressurizations at a ventilator frequency [8] 
Double-triggering
When an insufficient level of pressure support is applied or the patient's demand is high, the inspiratory effort may continue throughout the preset ventilator inspiratory time and result in retriggering of the ventilator after it has discontinued pressurization, which may lead to the delivery of two cycles for only one patient's effort (double-triggering)
Adjust the expiratory flow trigger until the desired tidal volume is achieved
Large leak around the NIV mask
In order to generate the specified pressure, the ventilator continues to deliver high flow. With a large leak, inspiration can be very uncomfortable (as the ventilator delivers 70-80 L/min of gas into the patients face) [5] Adjust the mask to minimize the leak Decreasing the level of pressure support will decrease the total inspiratory time, as the machine will cycle to expiration sooner In some ventilators, one can actually adjust the inspiratory time directly Wasted effort Wasted efforts can occur during inspiration when the patient tries to initiate a breath (straining to inhale against a closed inspiratory valve) Possible causes Respiratory muscle weakness Reduced respiratory drive Inadequate trigger threshold setting iPEEP: Inspiratory muscles have to overcome iPEEP and trigger sensitivity to trigger the ventilator Inadequate level of support: The flow rate is too low and it does not meet patient demand
The use of ePEEP to approximately 80%-90% of the iPEEP can counterbalance iPEEP and as such facilitate triggering Reduce the trigger sensitivity of air leakage, which in turn reduces the efficiency of NIV.
In addition, different interfaces can increase mechanical dead space, which is around 205 ml with an oronasal mask and 120 ml with a nasal mask in vitro. [11] This can lead to CO 2 accumulation and PVA. Nasal or oronasal masks seem to cause less PVA than a mouthpiece or helmet. Costa et al. evaluated patient-ventilator interactions during pressure support ventilation delivered via invasive ventilation (endotracheal tube) and NIV via an oronasal mask or helmet. [33] This bench study demonstrated that synchrony was significantly better with an endotracheal tube. Conversely, when compared with an oronasal mask, the helmet showed worse synchrony due to a longer trigger delay and a shorter time of synchrony between mechanical support and patient inspiration. [33] Studies performed in healthy volunteers and in patients with stable chronic obstructive pulmonary disease showed that helmet ventilation was less efficient in decreasing inspiratory effort compared to conventional face masks, increasing the likelihood of PVA, especially related to the triggering delay. [6, 34] Of all available interfaces, the helmet probably shows more problems with synchrony between patient breathing and ventilator cycling because of its soft compliant wall and high inner volume. In a lung model study, Moerer et al. showed that the delay times were more than twice as long with the helmet compared with NIV via face mask or during invasive ventilation, but the delay decreased with increasing continuous positive airway pressure (CPAP) or pressure support levels. [35] In addition, Vargas et al. demonstrated that both ePEEP and pressure support should be increased by 50% when the helmet is used to achieve the same effects of NIV delivered by the face mask. [36] The specific settings significantly improved inspiratory-muscle unloading. [36] The latter results suggest that the increased work of breathing observed with helmet ventilation is explained in part by trigger and pressurization difficulties, and not solely by a large dead space problem. Accordingly, Costa et al. found that during noninvasive pressure support ventilation delivered by helmet, a ventilator setting characterized by a fast inspiratory ramp and expiratory trigger could significantly reduce PVA. [33] Similarly, Racca et al. demonstrated an increase in inspiratory effort and dyspnea and lower CO 2 clearance when a helmet was used for the delivery of pressure support ventilation compared to a face mask. [6, 37] Recently, a new novel helmet (NH) characterized by an annular openable ring placed underneath an inflatable cushion that secures the helmet without the need for armpit braces has been introduced into clinical practice. The NH has demonstrated improved comfort and patient-ventilator interaction in healthy volunteers and in bench studies. [32, 38] Olivieri et al. compared the NH with the standard helmet in 14 ICU patients who used NIV for prevention of postextubation failure. The NH significantly improved comfort and inspiratory trigger delay and pressurization. [39] Effect of humidity on patient-ventilator synchrony NIV is usually delivered through a nasal or oronasal mask; when the inspired gas passes through the upper airway, it gets conditioned. Therefore, patients under NIV require adequate humidification and heating of inspired air (this is called gas conditioning). [40, 41] Air leaks through the mouth or peripheral masks can result in a unidirectional nasal airflow; therefore, the mucosa recovers less heat and moisture during expiration. This may cause a continuous drop in airway humidity. [42] Clinically, increased nasal airway resistance (NAWR) is likely to lead to unsuccessful acclimatization to NIV in the chronic setting and to the failure of NIV to improve gas exchange and dyspnea in the acute setting. An increase in NAWR due to a large mouth air leak when using a nasal mask during NIV can occur in response to prolonged inhalation of dry air. [41, 42] In general, nasal masks tend to show more air leaks than face masks. Nasal masks promote mouth leaks, which result in high unidirectional nasal flow and increased nasal resistance and mouth opening. This, in turn, perpetuates mouth leaks. [43] [44] [45] [46] In a study in adult volunteers, a nasal CPAP with a mouth leak resulted in a three-fold increase in NAWR that was significantly reduced by adequate humidification. [44, 47] Heated humidification has been shown to reduce nasal resistance by increasing the relative humidity (RH) of the inhaled air. [41] Besides the increase in NAWR, inefficient gas conditioning during NIV can cause structural and functional damage to the nasal mucosa including, the ciliary activity, mucus secretion, and local blood flow. Nasal congestion and nasal/oral dryness affect 10%-20% of patients during NIV, particularly when a nasal mask is used. [5, 11, 28] Nasal or oral dryness is usually indicative of air leaks through the mouth with consequent loss of the nasal mucosa's capacity to heat and to humidify the inspired air. If the air leak persists, the nasal mucosa progressively dries and releases inflammatory mediators that increase nasal congestion and resistance. This can cause reduced tidal volume (VT), increased work of breathing, patient discomfort, asynchrony, and poor compliance with NIV. These findings were confirmed in adult volunteers undergoing NIV using nasal CPAP. [43, 44] Heated humidification reduces nasal resistance by increasing the RH of the inhaled air. Humidification can also be provided by passive heat-and-moisture exchanger (HME) methods. Several studies, however, have shown an increase in minute ventilation and work of breathing with HME-based methods compared to heated humidifier. [48] [49] [50] In addition, Jaber et al. reported higher PaCO 2 with an HME than with a heated humidifier, which is probably related to the greater dead space with an HME. [51] The resultant increase in workload and possible CO 2 accumulation can adversely affect patient-ventilator interaction and discourage the use of an HME during NIV. [45, 52, 53] 
Conclusions
This work tried to gather all important studies that addressed PVA during NIV and present data in a simple, legible way using illustrations when needed. Nevertheless, careful monitoring and check are necessary to apply the gained knowledge and develop the needed skills to diagnose and treat PVA during NIV.
Air leaks are the most important factor affecting PVA; expiratory leaks lead to auto-triggering while inspiratory leaks can delay cycling and reduce inspiratory sensitivity. The level of pressure support and the amount of delivered tidal volume are additional factors that can interfere with the expiratory cycle. The use of NAVA is promising, as it may reduce triggering and cycling delay. The type and size of an interface can affect air leak and mechanical dead space. To reduce PVA, nasal or oronasal masks are preferred over mouthpieces or helmets. The addition of humidification can further reduce NAWR and increase patient compliance with NIV.
PVA remains a major obstacle to improve NIV utility. Future research is needed to develop software-based NIV setting or a new "fully noninvasive" triggering system that can improve patient-ventilator synchrony, correct auto-triggering, and avoid wasted efforts in the presence of air leaks. [29, 54] 
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